Certain bacterial toxins and type-III-translocated virulence factors have a peculiar property: they exert part of their actions by modulating Rho GTPases. These toxins target the actin cytoskeleton of host cells and reorganize it to their own advantage, either to facilitate macropinocytosis, which is required for invasive bacteria to enter cells, or to block pathogen sequestration by macrophages. In addition, by acting on Rho GTPases, bacteria may also interfere with the fate of host cells, favoring survival or death depending on their needs. Rho GTPases control the activation of NF-jB, which is involved in the expression of antiapoptotic proteins and mediates immunological responses as well. Here, we give a perspective on how NF-jB may participate in linking Rhoacting toxins and apoptosis.
Introduction
Bacterial pathogens have evolved different strategies to interact with mammalian cells, including the production of protein toxins. 1 Besides mediating the long-range crosstalk between bacteria and host cells, toxins serve as primary virulence factors and interact in different ways with the eukaryotic machinery, somehow favoring the survival or the spreading of bacteria. The mode of action of a large number of toxins has been unraveled in recent years. 1 Certain toxins act directly on the surface of target cells either causing permeabilization of the cell membrane (pore-forming toxins) or altering normal cell signal transduction. Following endocytosis or by direct delivery, other toxins transfer an enzymatically active domain into the cytoplasm and modify cytosolic targets ( Figure 1 ).
One recent fascinating discovery is that toxins and bacterial virulence factors frequently interfere with pathways leading to cell death (for a review see Weinrauch and Zychlinsky 2 ). Poreforming toxins (Figure 1a ), such as aerolysin from Aeromonas hydrophila, can induce macrophage apoptosis by allowing a massive entry of calcium into cells. 3 Very recent findings also show that bacterial pore-forming toxins may translocate to host cell mitochondria and trigger apoptosis by releasing cytochrome c. [4] [5] [6] Activation of T cells by superantigenic toxins (Figure 1b) , such as enterotoxins from Staphylococcus aureus, may also lead to cell death by activating apoptotic pathways. 7 Rho GTPases belong to the Ras superfamily of monomeric 20-30 kDa GTP-binding proteins and, like the other Rasrelated proteins, behave as molecular switches that couple signal transduction cascades to modifications in the cell surroundings 8 (for the molecular mechanism of Rho GTPases, see Figure 2 ). One of the key functions of Rho GTPases is to affect the architecture of the actin cytoskeleton. 9 The three main subgroups encompassing the Rho family, Rho, Rac and Cdc42, transduce extracellular signals into changes of the actin cytoskeleton, which are required for the formation of stress fibers, membrane ruffles and filopodia, respectively. Besides controlling different aspects of the actin cytoskeleton, the Rho GTPases are involved in a large variety of cellular effects, such as cell polarity, cell adhesion, phagocytosis, modulation of epithelial and endothelial cell junctions, cell migration, cell cycle progression, gene transcription, transformation and apoptosis (for a review see Symons and Settleman 10 ). In fact, Rho GTPases have been implicated in both pro-and antiapoptotic signaling and in the apoptotic process itself.
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Bacteria have elaborated two molecular strategies to manipulate the Rho GTPases in host cells and interfere with apoptosis. The first consists in utilizing a protein toxin that, following entry into the cytoplasm by endocytosis, directly modifies Rho and can either activate or inhibit host cell death (Figures 1c and 3a) . The second strategy involves a type III secretion system that bacteria utilize to inject effector proteins mimicking the Rho regulatory proteins GEF and GAP ( Figures  1d and 3b) . By the same system, they also inject effectors that target molecules related to the apoptotic pathway. 
Toxins directly modifying the Rho GTPases and apoptosis
For the majority of pathogenic bacteria that release toxins acting directly on the GTPase molecules, the first barrier they have to circumvent is represented by an epithelium. By handling the actin cytoskeleton, the toxins they produce either favor the spreading of bacteria or allow them to survive inside a protected niche facing the host defense.
Inhibitory toxins acting on switch 1 domain of Rho GTPases: commitment to apoptosis Bacterial toxins inactivating small GTPases most often modify a pivotal residue located in switch 1 domain (as shown in Figure 3a ), which is responsible for the coupling of GTPases with their downstream effectors. The enzymatic modifications induced by Clostridium difficile toxins A and B (CdA and CdB), 12 C. botulinum exoenzyme C3 13 and C. sordellii lethal toxin (LT) 14 are reported in Figure 3a . They impair the interaction of GTPases with effector molecules, thus provoking actin cytoskeleton alteration and rounding up of cells growing in a monolayer. Interestingly, depending on the strain of the producing bacteria, LT modifies Ras, Rap and Ral in addition to Rac, but not Rho. 14 The Rho GTPases modified by CdA, CdB, C3 and LT are involved in the toxin-induced apoptosis via (i) disruption of the actin cytoskeleton and (ii) altered transcription of antiapoptotic genes. In fact, normal and transformed cells, both adhering and in suspension, have been reported to undergo apoptosis after toxin exposure. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] In some cases, this was probably because of cell rounding and detachment that followed the actin breakdown. [15] [16] [17] However, changes in the actin cytoskeleton by CdB played an essential role in protecting cytotoxic T lymphocytes from FAS-induced apoptosis, 26 this being probably because of the need of an intact cytoskeleton for the transduction of apoptotic Fas-signaling. 27 Changes in the activation of transcription factors as well as altered expression of antiapoptotic genes caused by CdA, CdB 21 and LT 28 may induce apoptosis with a mechanism apparently independent of perturbations of the actin cytoskeleton. Possibly, also for C3, a Rho-dependent modification of transcription of antiapoptotic genes, such as those belonging to the Bcl-2 family, is at the basis of the apoptotic response. [22] [23] [24] Moreover, since LT deactivates Ras in addition to Rac/Cdc42, it is possible to hypothesize that this toxin may induce apoptosis also through inhibition of PI3-kinase/AKT2-mediated cell survival pathway. 29 It is now becoming evident that Rho GTPases do not represent the only route CdA and CdB may travel to trigger apoptosis. In fact, direct damage to mitochondria can be caused by CdA 30 and a domain outside the catalytic domain might be responsible for the activation of a caspase-3-dependent apoptotic response aroused by CdB. 31 Activating toxins that act on switch 2 domain of Rho GTPases: suppression of apoptotic cell death
The cytotoxic necrotizing factors 1 and 2 (CNF1 and CNF2) from pathogenic Escherichia coli and the dermonecrotizing toxin (DNT) from Bordetella bronchiseptica modify an amino acid that lies in switch 2 domain of Rho GTPases, blocking intrinsic and GAP-stimulated GTP hydrolysis, thereby constitutively activating the GTPases. In addition to Rho, Rac and Cdc42 are also targets for these toxins (Figure 3a ) (for a review on CNF1, see Boquet and Fiorentini 32 ). This leads to the reorganization of the actin cytoskeleton that influences and modifies certain functional properties of cells.
Also in the case of CNF1, the influence on apoptosis is achieved by Rho-dependent modifications of the actin cytoskeleton as well as Rho-dependent gene transcription. In fact, CNF1 protects from apoptosis induced by certain stimuli by increasing the expression of antiapoptotic genes and by preventing the mitochondrial membrane depolarization 33 as well as by augmenting the ability of cells to adhere to one another and to the extracellular matrix. 34 However, CNF1 has also been reported to induce apoptosis in a uroepithelial cell line, although cytotoxic effects are probably at the basis of such a phenomenon. 35 Taken altogether, the above findings suggest that toxins directly acting on Rho GTPases may influence the cell's destiny by altering the actin cytoskeleton Figure 1 Bacterial toxins and apoptosis. Bacterial toxins can be divided into two main groups: toxins acting at the level of cell membrane (a, b) and toxins that must penetrate within the host cell cytosol to exert an enzymatic activity (c, d). Toxins belonging to the first group are: (a) pore-forming toxins that can insert in the lipidic core of the membrane; an example is the pore-forming a-toxin from Staphylococcus aureus that induces apoptosis after its transfer from the plasma membrane to the outer membrane of the mitochondrion, where it provokes the release of cytochrome c and the subsequent activation of caspase 3; and (b) superantigens that bind on cell surface receptors such as the T-cell receptor. Superantigens are able to crosslink antigen presenting cells (APCs) to the T receptor of T-lymphocytes without needing an antigenic peptide. In the absence of a costimulatory signal, however, this leads to the T-cell apoptosis. Toxins interfering with host cell signaling modify a target protein upon introduction of a catalytic moiety within the cell. (c) The so-called A-B toxins belong to this group, A being the catalytic domain and B the binding domain that allows endocytosis of the molecule and the transfer of the A domain into the cytosol. A classical A-B toxin that induces apoptosis is Clostridium difficile toxin B which, by its A moiety, inactivates the Rho GTPases. Bacteria can also directly deliver virulence factors into cells (d) by locally producing an 'injecting needle' (type-III injecting system) that allows the transfer into the cytosol of a domain (comparable to the A moiety of an A-B toxin) active on a target protein. A typical archetype of type-III-secreted toxins inducing apoptosis is IpaB from Shigella spp and, behind that, by modulating transcription. It is worth noting that Rho, Rac and Cdc42 are able to activate the NF-kB pathway, which plays a pivotal role in the survival/apoptosis regulation. 36 A possible scheme for the connection between Rho-dependent and NF-kB-dependent pathways is drawn and discussed in Figure 4 , in accordance with the mechanism proposed by Cammarano and Minden. 36 Type-III-secreted toxins mimicking the Rho GTPases and apoptosis Certain Gram-negative bacterial pathogens are equipped with a secretory machinery termed the type-III secretion apparatus, which is highly conserved in both animal and plant pathogens. 37 Bacteria use this protein secretion pathway to deliver a set of effector proteins into the host cell cytosol, where they can usurp host cell signal transduction pathways or mimic host cell molecules. Such type-III-secreted proteins mediate a variety of events, such as macropinocytosis and bacterial invasion in epithelial cells and antiphagocytosis and apoptosis in macrophages. 38 Macropinocytosis is triggered by a vast number of type-III-secreted toxins that, acting either directly on Rho GTPases or mimicking the host cell GEFs, 39 favor the bacterial entry into epithelial cells (Figure 3b) . However, since the promotion of this cellular activity in epithelial cells is so far not connected to apoptosis, this matter is out of the scope of this review.
The general strategy employed by these pathogenic bacteria is the block of phagocytosis and the subsequent elimination of the harmful phagocytes by apoptosis. To gain this result, a vast number of bacteria coerce the Rho GTPases Figure 2 Rho GTPases activation/deactivation cycle. Rho GTPases are molecular switches that cycle between an inactive GDP-bound and an active GTP-bound state. Activation of Rho GTPases occurs by stimulation with a guanine exchange factor (GEF) that causes the release of GDP and the binding of GTP. In the GTP-bound form, Rho proteins undergo a conformational change in their switch 1 (sw 1) domain becoming able to interact with effector molecules and thus initiating a downstream response. Note that a major feature of Rho GTPases, as well as of other small GTP-binding proteins, is the absolute requirement for membrane attachment in order to exert their activities. In fact, small GTPases have sequences at their COOH termini that undergo posttranslational modification with lipid moieties (i.e. farnesyl, geranyl-geranyl, palmitoyl and methyl). This reaction allows the activated small GTPases (in the GTP-bound form) to interact with the cell membranes, where they exert their function. As soon as the activated GTPase has initiated the cellular response, a GTPase activating protein (GAP), by hydrolyzing GTP into GDP at the switch 2 (sw 2) domain, turns back these proteins to their GDP-bound state, to complete the cycle and terminate the signal transduction. Besides GEF and GAP proteins, a third factor that regulates Rho GTPases activity is the guanine dissociation inhibitor (GDI), which maintains Rho in the cytoplasm in the inactive form (linked to GDP) Figure 3 Hijacking of Rho GTPase by bacterial pathogens. (a) Protein toxins that directly modify Rho proteins. C3 ADP-ribosyltransferase modifies Rho at Asn41, an amino acid located in switch 1 domain. Although ADP-ribosylated Rho can still bind to the effectors, it has a greater affinity for Rho-GDI than the nonmodified form. It therefore remains associated to Rho-GDI and it is not recruited to the membrane, thereby losing its activity. CdA, CdB and LT from C. sordellii glucosylate Rho GTPases at Thr35/Thr37 in switch 1 domain, thus impairing the interaction of Rho GTPases with the effector molecules. CNF1, CNF2 and DNT deamidate the Rho GTPases at Gln63/Gln61 that are located in switch 2 domain. This modification inhibits the intrinsic and GAP-stimulated GTP hydrolyzing activity of Rho proteins, turning on constitutively the GTPases. (b) Type-III-secreted toxins mimicking host cell regulatory proteins that signal Rho GTPases. Certain invasive bacteria such as Salmonella, Yersinia or Shigella activate the Rho GTPases to trigger their own phagocytosis in nonprofessional phagocytes or to inhibit macrophage phagocytosis. Their strategy consists in the introduction of an effector molecule directly into the cytosol of the host cells by a type-III-secretion mechanism. SopE from Salmonella typhimurium is an exchange factor for Cdc42 and Rac. YopE from Yersinia, SptP from Salmonella and ExoS from P. aeruginosa play a role as GAP proteins. In contrast to the other type-III-secreted toxins, YopT cleaves directly Rho-GTP on its carboxy-terminus removing the geranyl-geranyl post-translational modification and thereby inducing Rho detachment from the cell membrane Rho-acting bacterial toxins and apoptosis C Fiorentini et al that are central to the organization of the actin cytoskeleton (a scheme on the mechanisms employed is shown in Figure 5 ). Exoenzyme S (ExoS) plays an, as yet, undefined role in the pathogenesis of the opportunistic pathogen Pseudomonas aeruginosa. 40 It is a bifunctional protein, with two distinct domains, both able to mediate changes in the cytoskeleton. The C-terminus moiety of ExoS ADP-ribosylates Ras at Arg-41 and Arg-128 residues, thus inactivating Ras and blocking Ras-dependent signaling pathways. The N-terminus domain exhibits an 'arginine finger' sequence that acts as a GAP for Rac and Cdc42. 40 The ExoS N-terminus has a limited amino acid homology to YopE from Yersinia pseudotubercolosis that also acts as a GAP stimulating the GTPase activity of Cdc42 and Rac but not of other small GTPases. 41 Yersinia YopT is a cystein metalloprotease that cleaves the carboxy terminus end of Rho GTPases, causing their release from the plasma membrane and the consequent disruption of the actin cytoskeleton. 42 In all cases, the inactivation of Rho interrupts signaling events that are necessary for the actin cytoskeleton reshape, thus potentially contributing to antiphagocytosis.
The first bacterium shown to induce apoptosis was Shigella flexneri, which specifically kills cultured macrophages but not epithelial cells. 43 Macrophages undergo apoptosis and release large quantities of the proinflammatory cytokine interleukin (IL)-1. The IpaB protein is required for such effects, independent of its role in cell entry. Inside cells, IpaB binds to caspase-1, a protease that cleaves pro-IL-1 to release the mature protein and, presumably, such a binding also activates apoptosis. 44 Salmonella spp. also induce phagocyte apoptosis by using a type-III-secreted protein, SipB, which directly activates the host cell's apoptotic and inflammatory pathways by targeting caspase-1, 45 in the same vein of IpaB. More recent evidence, however, shows that SipB activates the apoptotic machinery by also regulating caspase-2 as well as caspase-3, -6, -8 and the release of cytochrome c from mitochondria. 46 Mitochondria, however, are untouched in Figure 4 Apoptosis by toxins directly modifying the Rho GTPases. As already shown in Figure 3a , certain protein toxins act directly on Rho GTPases to either activate (CNF1, CNF2, DNT) or inhibit (CdB, CdA, C3, LT) them. The scheme exemplifies, in accordance with the current literature, our view on how Rho GTPase activity and apoptosis may be connected and point out NF-kB as a cardinal player of the game. Once stimulated, all the three subfamilies Rho, Rac and Cdc42 are able to, in turn, activate the NF-kB pathway although by different modalities. Rac (activated by the GEF Dbl) first activates PAK, which activates NIK, which in turn activates IKK, thus phosphorylating IKB. IKB is subsequently degraded in the proteasome thereby freeing NF-kB, which then enters the nucleus, binds to DNA and activates transcription. Activation of IKK may be increased by Rac-dependent generation of ROS that, besides directly activating NF-kB, also stimulates PAK. By contrast, both Rho-and Cdc42-dependent activation of NF-kB by phosphorylation of IKB are not due to IKK but to so far unknown kinases. The main role of NF-kB in the survival/apoptosis regulation is the production of antiapoptotic factors such as proteins belonging to the Bcl-2 family or inhibitors of apoptosis proteins (IAPs). Bcl-2 localizes on the mitochondrial surface, impairing the release of the proapoptotic cytochrome c and thus favoring survival. The block of the NF-kB pathway by inhibition of Rho GTPases commits cells to apoptosis. Besides inhibiting Rac, LT also acts on Ras thus manipulating a parallel and distinct pathway that control apoptosis. Activated Ras activates the PI3-kinase, which in turn activates AKT2. This last kinase phosphorylates the proapoptotic protein BAD causing its degradation into the proteasome, thus reducing the binding of BAD to the antiapoptotic Bcl-X L and hence favoring survival. Such a Ras-dependent pathway is inhibited by LT, a toxin that may trigger apoptosis via this alternative pathway, in analogy to what occurs with Rac inhibition Figure 5 Type-III-secreted toxins: molecular strategies to foil macrophages. Several bacterial pathogens utilize type-III-secreted effector molecules that usurp the control of Rho GTPases to exert an antiphagocytic activity. YopE and ExoS, which mimic the host cell GAP, interact with Rho-GTP, to induce GTP hydrolysis and the release of Rho-GDP from the plasma membrane. YopT cleaves directly Rho-GTP causing its detachment from the plasma membrane. In both cases, the consequent Rho inactivation interrupts signaling events necessary for the actin cytoskeleton reorganization and thus potentially contributes to antiphagocytosis. Besides impairing their own capture by macrophages, certain bacteria also activate the apoptotic pathway by type-III-secreted toxins. YopT, besides inducing the actin cytoskeleton breakdown, commits cells to apoptosis by directly modifying the Rho GTPases. IpaB and SipB can bind to and presumably activate caspase-1. How caspase-1 can trigger apoptosis is still under debate. In addition to caspase-1, SipB directly binds to caspase-2 switching on an apoptotic pathway that also involves the activation of caspase-3, -6, -8 and the release of cytochrome c from mitochondria. YopP/J also induces macrophage apoptosis probably by preventing the nuclear translocation of the antiapoptotic factor NFkB. YopP/J also generates a truncated form of the proapoptotic protein BID (tBID) that, upon translocation to mitochondria, induces the release of cytochrome c, activation of executioner caspases and apoptosis Salmonella-infected macrophages. It is possible that cytochrome c feeds back on the caspase cascade and accelerates the apoptotic process. Within the host cell, type-III-secreted toxins from Yersinia act to inhibit phagocytosis and induce apoptosis. 47 The plant virulence factor AvrPphB (which does not target the Rho GTPases) acts as YopT, modifying a target molecule that blocks the infection by triggering apoptosis of the plant defense system (hypersensitive response). 48 In general, modifications of target molecules by plant virulence factors are recognized by a detection system of the host (R factor), which responds by inducing cell death. As stated by Schneider, 48 the pathogen may double-cross the host and turn that to its own advantage. This could be also true for bacterial virulence factors targeting mammalian cells. For instance, YopP/J from Yersinia plays an anti-inflammatory role beneficial to the bacteria by preventing the activation of NF-kB, but also induces apoptosis because NF-kB is required for cell survival. 49 YopP/J also generates a truncated form of the proapoptotic protein BID (tBID) that, upon translocation to mitochondria, induces the release of cytochrome c, the activation of executioner caspases and apoptosis. 50 Therefore, modification of Rho GTPases themselves, or their downstream effects (e.g. actin cycloskeleton changes), might be detected by the host cell, which will hence induce apoptosis.
Orchestration of host cell pathways by Rho-acting toxins: apoptosis at the service of bacterial pathogens?
Bacterial toxins are long-range acting virulence factors whose main goal is to allow the survival and the spreading of pathogenic microbes. They may achieve this by helping bacteria to reach a protected niche wherein they can survive and multiply, or by impairing mechanisms of the immune system thus weakening the host defense. Rho, Rac and Cdc42 GTPases have been selected during evolution as targets for many toxins. Their selection is probably because of the pivotal role they play in the hierarchy of regulatory molecules that coordinate the assembly of the actin cytoskeleton, which is the main 'engine' of cellular functions such as locomotion, cell adhesion and phagocytosis. Indeed, the actin cytoskeleton is linked to nearly all the essential processes driving cell development and differentiation. Conceivably, modifications induced by toxins to Rho GTPases may consequently result in life or death of their target cells.
Most likely, bacteria elaborate such toxins for the main purpose of modifying the actin network and probably not to interfere with the apoptotic pathway. CdA, CdB or LT toxins disrupt permanently the actin cytoskeleton, possibly to alter digestive tract functionality. The consequent diarrhea allows the spreading of bacteria outside the host, thus facilitating their dispersion to another host, in a system similar to that employed by cholera toxin. In the case of CNF1 or DNT, activation of Rho GTPases is probably accomplished to allow bacteria to invade epithelial cells that also become resistant to apoptosis and thus provide a safe spot inaccessible to the host defenses. Mimicry of Rho regulatory proteins GEF and GAP by Salmonella type-III-secreted toxins (SopE and SptP) results in prophagocytic activity that also requires the manipulation of the actin cytoskeleton. These two activities must be exactly balanced, otherwise an excessive stimulation or inhibition of the Rho GTPases will modify the host cell fate. Also, blocking phagocytosis by type-III-translocated toxins (YopT, YopE, ExoS) avoids the ruin of bacteria that become offensive and may exploit apoptosis to foil the macrophage.
By modifying Rho GTPases, however, bacteria certainly perturb other pathways of regulation, one of the most important being the regulation of NF-kB. 51 Handling the NFkB pathway is a double-edged sword for bacteria since, besides controlling the expression of antiapoptotic proteins that affect the susceptibility of cells to apoptosis, NF-kB is also the principal transcription factor for the response against pathogens (both the innate and adaptative immune system). 52 Therefore, it is not clear whether NF-kB activation in response to Rho-acting toxins benefits the host or the bacterial pathogen. A question arises: are bacterial pathogens really masters of their own destiny?
